Imaging of electrical trees has been an important tool for studying the phenomenon. The authors have previously shown that electrical trees can be three-dimensionally (3D) imaged and virtual replicas generated using X-ray Computed Tomography (XCT) or Serial Block-Face Scanning Electron Microscopy (SBFSEM). Here these techniques are evaluated and compared for 3D analysis of electrical trees along with conventional optical methods. A number of types of laboratory created trees showing range of morphologies were grown and examined to delineate the capabilities of each technique. Cross-sectional images and virtual replicas of the electrical trees from XCT and SBFSEM techniques were compared both qualitatively and quantitatively. SBFSEM provides greater detail than XCT, evidenced by imaging smaller sub-branches and when comparing parameters such as the number of tree channels, tree length or tree volume captured. On average, SBFSEM captures almost double the number of tree channels per slice than XCT, and virtual replicas in most of the cases have larger volumes. However, SBFSEM is a destructive technique, which makes the imaging process less reliable than XCT and not suitable for multi-stage of tree growth experiments. For full analysis, a combination of imaging techniques is proposed. Optical methods are used first to monitor tree growth. Then, micro-XCT which provides pixel size down to ~0.4 µm with a field of view of around 1 mm × 1 mm, can be used to reveal the overall 3D structure of a normal/mature electrical tree. Nano-XCT can be used to explore in more detail regions of interest, with a pixel size of ~65 nm, but a limited field of view of 65 µm. Finally, sections of the tree can be analyzed in even greater detail using SBFSEM, which can provide resolutions below 50 nm. Using this approach, a deeper and more complete analysis of the structure of electrical trees can be achieved.
INTRODUCTION
ELECTRICAL treeing is a long-term mechanism of failure of polymeric high voltage insulation. Electrical trees are artefacts of ageing in polymers that are readily grown in the laboratory under high and divergent electrical stress, and are associated with partial discharge activity. Understanding tree growth is therefore important for a number of reasons; firstly, the successful development of new insulation materials depends upon understanding such long term damage processes; secondly, to enable the interpretation of partial discharge patterns in condition monitoring for asset management. Imaging laboratory-grown electrical trees has been an important tool for studying the phenomenon and obtaining a deeper understanding of how trees develop [1] .
The most common imaging technique is optical microscopy, although detailed features have been examined using scanning electron microscopy (SEM) and transmission electron microscopy (TEM) [2] [3] [4] [5] . These latter techniques have the limitation of providing only a two-dimensional (2D) view of a small part of the feature. Optical imaging also often masks any detail in dense tree structures. The authors have shown previously that electrical trees can be three-dimensionally (3D) imaged. Virtual replicas of electrical trees can be created using X-ray computed tomography (XCT) or Serial BlockFace SEM (SBFSEM) [1, 6] . These techniques also enable the entire 3D structure to be analyzed and provide tools to quantify a tree structure [7] . This paper evaluates and compares the XCT and SBFSEM techniques for 3D imaging of electrical trees, analyzing the benefits and limitations of each technique and proposing the most appropriate technique, or combination of techniques, depending on the application of interest. To delineate the capabilities of each technique a number of types of tree having a range of morphologies, commonly referred to as bush-type and branch-type, were grown and examined.
IMAGING TECHNIQUES
A range of techniques have been used to image or at least detect the presence of electrical trees including optical methods, electron microscopy, laser scanning confocal microscopy, ultrasound and nuclear magnetic resonance [1] . Conventionally for research purposes, optical methods and SEM are used. However, recently 3D imaging of electrical trees using XCT and SBFSEM techniques have been proposed [1, 6] . An overview of these techniques is presented below, along with optical methods which are well established.
OPTICAL METHODS
Visible-light microscopy is the most frequently used technique for imaging, because it is widely accessible and relatively inexpensive. However, it only provides a projectedview, often with a narrow depth of field, it is only applicable to translucent materials and its resolution (the closest two points that can be resolved) is limited by the wavelength of visible light. According to the Rayleigh criterion, the maximum resolution is proportional to the ratio between the wavelength and the numerical aperture of the instrument used [8] . Normally practical optical resolution is presently around 0.2 µm [9] . In electrical tree imaging, the resolution achieved by optical methods is limited to a few micrometers by the transparency of the polymer and the poor contrast between the electrical tree and the bulk material [1] .
X-RAY COMPUTED TOMOGRAPHY (XCT)
X-ray radiography is based on measuring the transmission of X-rays through an object. For XCT, a series of 2D radiographs are taken as the sample is rotated about an axis over at least 180°. These are combined using a reconstruction algorithm to compute a virtual 3D replica of the object (see Figure 1 ). In conventional X-ray imaging, contrast is obtained from the attenuation of X-rays as they pass through the object [10] . However, when imaging low atomic number materialssuch as polymers -attenuation (absorption) contrast does not provide sufficient contrast between the material (epoxy say) and the feature (gas filled tubes comprising an electrical tree). As an alternative, contrast can be obtained from the phase shift in the X-rays as they pass through the object. This mode is called 'phase-contrast' [11, 12] , and it is well suited to electrical tree imaging.
There are various XCT technologies. Depending on the resolution and consequently, field of view, XCT can be categorized as micro or nano-XCT. The X-ray source can be laboratory-based or synchrotron-based. Both technologies are described in the following sub-sections. The main characteristics of the XCT systems deployed in this work are summarized in Table 1 .
STANDARD LABORATORY X-RAY SOURCE
The X-ray radiation is created by focusing an electron beam, generated by a filament, on to a target in a vacuum chamber. The X-rays produced have a broad spectrum which is controlled by the applied voltage as well as the target material. Tungsten is a typical target material and it gives rise to characteristic peaks in the spectrum at 8-12 keV and at 57-68 keV, with a broad (Bremstrahlung) background.
Modern laboratory projection micro-XCT systems operate in cone beam geometry, in which the resolution of the system is influenced by the detector pixel size as well as the size of the region on the target material from which X-rays are generated (the source spot size). The source spot size limits the resolution for large geometrical magnification, with spot sizes of ~1 µm being typical for higher resolution micro-XCT systems. For some systems, the detector pixel size is controlled by using optical magnification between the scintillator and CCD (see Table 1 and Figure 1 ). Phase contrast can be achieved using the in-line/propagation based method [13] , which is manifested as an edge-enhancement around sharp boundaries within the object and which increases with distance of the detector from the object. Few laboratory systems show significant phase contrast which is dependent on the transverse coherence of the illuminating X-rays [14] .
Systems with a spatial resolution of less than ~0.5 µm are referred to as nano-XCT. Such systems having cone beam geometry are limited to around 200 -400 nm resolution [15] . Higher resolutions (the current limit is 50 nm) are achieved using an X-ray microscope design, in which Fresnel zone plates or other optical elements are used as objective lenses [15] . Because the optical elements are usually wavelength dependent, microscope designs make use of a narrow range of X-ray energies, so that the illumination can be considered to be monochromatic as well as quasi-parallel. Zernike phase contrast can be achieved with a phase ring placed in the back focal plane of the objective lens, together with hollow cone illumination [16] .
SYNCHROTRON X-RAY SOURCE
Large scale synchrotron facilities offer X-rays with high flux, and high coherence, with the ability to tune the X-ray spectrum from a broad spectrum to a monochromatic beam. X-rays are produced when electrons in the storage ring are forced to move in curved paths by bending magnets or insertion devices. Monochromatic X-rays are advantageous since their wavelength can be specifically tuned to achieve greater absorption contrast compared to a broad spectrum source (such as laboratory sources). The high flux enables rapid tomography data collection, so that dynamic experiments can be conducted on the sub-second time scale [17] . The parallel beam geometry also facilitates in-situ experiments since a large distance between sample and detector can be maintained without loss of intensity. Submicron imaging can be achieved with high resolution detectors, which employ optical magnification of scintillator screens. Phase contrast can be obtained via the in-line method or via a variety of other techniques. Sub 30 nm spatial resolutions can be achieved with X-ray microscope designs, similar to that employed for laboratory nano-XCT [15] .
SERIAL BLOCK FACE SCANNING ELECTRON MICROSCOPY (SBFSEM) 2.3.1 CONVENTIONAL SEM
SEM is a well-established technique for imaging the surface of materials for identification of morphology/topography. In a SEM a beam of electrons is scanned across the surface of the specimen. The incident beam interacts with the surface of the sample and signals are emitted as a result of these interactions; these emitted signals are collected to form an image. The main information is carried by the 'secondary electrons', which are produced by inelastic collisions of incident primary electrons with the sample [18] . These low energy secondary electrons provide information about the topography or surface structure of the sample, since they are ejected from the orbitals of the atoms within a shallow depth (< 2 nm) of the material surface [19] . Traditionally, for SEM imaging of non-conducting samples, metallization of the surface is needed and the scan is carried out under high vacuum, to avoid sample charging and obtain better resolution respectively.
LOW VACUUM SEM AND SBFSEM
Unlike in the standard high vacuum case, when imaging wet and/or insulating materials, the so-called 'environmental' (or 'low-vacuum') SEM can be used [18] . By maintaining a gaseous environment around the sample, low vacuum SEM allows imaging of non-conducting surfaces with only a small loss in image quality [18] . This removes the need of metalizing the polymer surface and thus enables their automated serial sectioning inside the chamber to reconstruct 3D structures.
In SBFSEM, the 3D set of data is acquired by automated serial sectioning (microtome) combined with block-face imaging of the sample, inside a chamber of a low-vacuum SEM [20] . A picture of the equipment is shown in Figure 2 .
CASE STUDIES
A number of sample trees of various morphologies in different polymeric systems have been selected to delineate the capabilities of each imaging technique. The general process for electrical tree analysis consisted of experimental sample preparation, electrical tree formation, machining the tree-containing sample to a suitable size for scanning, image acquisition, and finally post-processing of the data which includes image segmentation and quantitative calculations. These processes are now reviewed in detail:
Samples were prepared using the conventional point-toplane configurations with a gap of 2 mm between the needle tip (high voltage electrode) and the bottom of the sample (grounded). Electrical trees were grown by applying an AC high voltage (typically around 10 kVrms) until the desired tree length was reached, the process being monitored with an optical camera. Afterwards, the samples were machined to create a 2-3 mm diameter cylinder of polymer containing the tree to be imaged by the XCT scan, still with the needle inserted. The needle was used to hold the sample and locate the feature in the radiographs, as can be seen in Figure 3 . Micro XCT was carried out using three Zeiss Xradia The detection system incorporates optical magnification of a scintillator to achieve sub-micron pixel sizes laboratory systems, namely the microXCT-400, Versa 510 and Versa 520, as well as the synchrotron beamline I13 at Diamond Light Source (Figure 3 ). Nano-XCT was carried out using the Zeiss Xradia nanoXCT-100 and the Zeiss Xradia Ultra 810 laboratory X-ray microscope. In the cases that the SBFSEM technique was used, the small cylinder (already scanned using XCT) was machined further to create a cube, containing the feature, with edges less than 1 mm. The needle was removed to prevent damage to the microtome knife. The SBFSEM process was performed using a Gatan 3View® system housed within an FEI Quanta FEG 250 instrument [21] .
The output of the XCT scans is a set of projections (radiographs) taken from different incident angles from which, through the reconstruction process, a stack of images (cross-section slices) is obtained. In contrast, in SBFSEM the automatic slicing process directly provides the stack of images (slices) that represent cross-sections of the electrical tree feature. In both methods, these slices are in grey levels, where different pixel intensities represent different materials (XCT and SBFSEM) or surface topological information (SBFSEM only). From this stage, the model creation procedure follows the same route for both imaging techniques. The pixel size of the images relates to the resolution of the scan and the dimensions to the field of view captured. Using the gray-level information, the 3D image is segmented, which is the process whereby the feature (electrical tree) is extracted and labelled, and finally, the 3D model (the virtual replica) is generated. Segmentation was carried out using Avizo image processing software. With the segmented model created, the structure of the electrical tree can be quantified and characterized [7, 22] , using software such as Avizo, ImageJ and Matlab.
The following sections describe the samples analyzed in this comparison study, giving experimental details and outlining the results (virtual replicas) generated. Samples 1 and 2 have been reported previously [1, 6, 7] , but are reexamined here from a technique comparison viewpoint. Recorded videos of tree growth, animations of cross-section slices along the progression of the tree and animations of virtual replicas generated are provided in [23] .
SAMPLE 1: BUSH TREE
A bush-type electrical tree was studied using micro-XCT and SBFSEM. The electrical tree was created in a flexible transparent polymer (Norland® Optical Adhesive 61) with an acupuncture needle (Hwato® 0.35 mm, ~5 µm tip radius). Details of the experiment are provided in [1] and [6] . From the micro-XCT scan, a virtual 3D image of the tree was reconstructed comprising 512 slices with a voxel (volumetric pixel) size of 1.07 µm from which 356 slices (a length of 381 µm) were selected for detailed analysis. In the SBFSEM case, due to technical problems related to sections been drawn into the final aperture and distorting the beam, parts of the data were corrupted and the information of those sections was lost. Because of this, two separated regions of the electrical tree were imaged. The slice thickness was 0.2 µm and the pixel size was also 0.2 µm. The first region comprised 1273 cross-sections of the tree, equivalent to around 255 µm from the tree-tips down. The second region, separated by 34 µm from the first, comprised 1567 slices (around 313 µm). The location of the sections with respect of the needle tip was unknown because the section close to the needle tip was also lost, and thus, the reference was lost. The scan time for regions 1 and 2 were 19 h and 23 h, respectively. Representations of the models generated are shown in Figure 4 .
SAMPLE 2: SMALL BRANCH TREE
A small branch-type electrical tree was scanned by the nano-XCT technique (Nano-XCT-100 microscope), micro-XCT (Versa-510) and SBFSEM. The electrical tree was created in a glassy epoxy resin (Huntsman Araldite® LY5052 -Aradur® HY5052) using the same needle type as for Sample 1. The applied voltage was maintained only a few seconds after an electrical tree was perceived through the optical camera. The resulting feature was an electrical tree of less than 100 µm length. The results from the micro-XCT scan have been reported in [7] . To ensure reasonable nano-XCT scan times (~45 h) 2×2 pixels were binned (merged) in the reconstruction to give less noisy slices each having 204×256 pixels, with a pixel size of 0.26 µm. The images were noisy since the physical size of the sample was not as small as required for nano-XCT scans (~30 times greater than the field of view), providing a poor signal-to-noise ratio in the given scan time. The virtual replica generated using nano-XCT is shown in Figure 5 and compares unfavorably with the SBFSEM image; as a result the model was not used for quantification.
The micro-XCT scan took 22 h, during which 1501 radiographs were taken over 360º. The voxel size of the reconstruction was 0.37 µm, with the entire tree being contained within 160 slices (equivalent to 59 µm). The entire tree was also captured using SBFSEM. The operating conditions were set to an accelerating voltage of 5 kV and a pressure of 60 Pa. The slice thickness was 150 nm with a lateral pixel size of 75 nm. The serial sectioning and imaging took around 7 h and a total of 456 slices extending over 68 µm were selected for model generation. The original images were cropped to 1050×1140 pixels. Virtual replicas using both methods are depicted in Figure 5 , including magnified views of specific branches confirming the greater level of detail expected of the SBFSEM.
SAMPLE 3: LOW DENSITY BUSH TREE
A low density bush-type tree was selected to compare two micro-XCT systems: the beamline I13 at the Synchrotron Diamond Light Source and the Xradia Versa-510 (laboratorybased XCT). The electrical tree was created using the same transparent polymer as for Sample 1 with an acupuncture needle (Hwato® 0.16 mm, ~5 µm tip radius). The sample was stressed under 8.5 kVrms 50 Hz for a period of 3 h.
For the synchrotron scan, the highest magnification available was deployed, giving the smallest pixel size (0.365 µm). A total of 1001 projections were taken over 180° in a period of 4-5h. During the scan, the sample moved as it rotated. This unexpected 'wobble' was corrected for by tracking the tip of the needle through the series of radiographs using image correlation and then aligning the radiographs prior to reconstruction. The reconstruction provided images of 4000×4000 pixels and 2300 slices images (equivalent to 840 µm length) were selected for model generation. Using laboratory-based micro-XCT, 1301 radiographs were taken over 360° in a period of 23 h. As result, after reconstruction, 1589 slices (equivalent to 720 µm length) were selected with dimensions of 1912×1944 pixels and 0.454 µm voxel size. Images of the 3D models generated using synchrotron and laboratory-based XCT are depicted in Figure 6 .
SAMPLE 4: SMALL DENSE BUSH TREE
A small-dense bush tree was scanned using three imaging systems (instruments): micro-XCT (Versa-520), nano-XCT (Ultra-810) and SBFSEM. In an effort to create a small-dense bush tree, a flexible epoxy (Huntsman Araldite® CY221 -Aradur® HY2966) with an Ogura needle (3 µm tip radius) was used. The sample was stressed for 40 minutes at around 10 ºC at 10-12 kVrms, 50 Hz. The resulting tree was a small dense bush tree, of around 100 µm diameter, as can be seen in the optical image shown in Figure 7 . For micro-XCT, the scanner was used in 40X magnification and 2001 radiographs were taken over a period of almost 10 h, with a pixel size of 0.232 µm. A total of 463 slices (equivalent to 108 µm of tree length) were selected from the reconstruction for segmentation of the 3D model being shown in Figure 8 . The internal structure of this model is observed by virtual slicing of the replica: 20 slices equivalent to 3.5 µm are shown on the right hand side of Figure 8 .
Prior to the nano-XCT scan, the sample was machined down to size < 1 mm. Over a period of 24 h, 721 radiographs were taken, with a pixel size of 0.064 µm. In this mode, the nano-XCT machine provides a field of view of 65 µm × 65 µm. The reconstructed volume comprised 1022 slices, equivalent to 65 µm of length. Given the limited field of view provided, the scan could not capture the entire tree and therefore, no 3D model was generated, because it would represent the tree cropped into a cylindrical shape. Also, the signal-to-noise ratio of the reconstructed images was not good enough to successfully segment the electrical tree.
Before applying the SBFSEM method, the sample was reembedded it in epoxy to make it more stable for slicing. The needle was removed, and in this case, the slicing was started from the needle tip, each subsequent slice being further through the tree, making it easy to locate the tree. The scan comprised 1616 slices taken over a period of around 20 h. The accelerating voltage was 5 kV and the pressure 72 Pa. The pixel size was set to approximately 50 nm with a slice thickness of 100 nm. It was observed that the electron beam softened the epoxy resin making more difficult to maintain the integrity of the specimen during slicing, therefore, a shorter beam dwell time (a faster scan beam movement) was set to reduce this softening. As a result, the contrast obtained was sub-optimal hindering the image segmentation process. The resulting images (bottom of Figure 9 ) confirm the dense architecture of the tree and shows two distinct areas. In the outer area (brighter region in the bottom right image) individual tree channels can be resolved, by contrast the inner area (darker region) seems to be highly degraded such that individual branches are either not present or cannot be resolved. This issue is discussed in the following sections.
COMPARATIVE ANALYSIS OF THE IMAGING TECHNIQUES
In the following sections the imaging techniques are compared based on the level of detail revealed by visual inspection and quantitatively by counting the number and mean diameter of tree channels, and the volume and length of tree captured in each case. The complexity of sample preparation and speed of imaging for each technique is also contrasted. It should be noted that different polymers, stress times, image acquisition instruments and scan settings were used (see Table 2 ), and therefore, a direct comparison between the samples is difficult. Nevertheless, the imaging techniques can be compared for each sample taking into consideration that datasets do not have the same pixel size and the scan settings were optimized to obtain good contrast in all cases.
VISUAL ASPECTS
The initial visual inspection shows that the XCT representations are in accordance with the visual impressions obtained by optical microscopy, as can be seen for Sample 1 ( Figure 4 ) and for Sample 4 (Figures 7 and 8) . Comparing the 3D models created using XCT and SBFSEM, it is clear that SBFSEM is able to capture finer details. For example, in Figures 4 and 5 it can be seen that branches from SBFSEM model contain smaller sub-branches (side-branches) than the model from XCT. A clearer view of this is shown in the enlarged branch depicted in Figure 5 .
One feature of both techniques is the ability to inspect the internal branches of an electrical tree. This is especially important when analyzing bush-type electrical trees. For example, optical images of bush trees seen in Figures 4 and 7 show dense bush trees that cannot be resolved satisfactorily, at least in the main body of the tree. However, cross-sectional images reveal the internal structure of the trees, as shown in Figure 9 . Comparing the cross-sections of both techniques, the greater level of detailed that SBFSEM can provide is evident.
In the case of Sample 4 (small-dense bush tree), the SBFSEM suggests that the inner kernel of the tree is a highly degraded area where individual tubes are either not present or difficult to differentiate. As to whether this could be an artefact of the destructive slicing method can be answered by examination of the XCT images which were acquired nondestructively and are shown in Figure 9 . This figure presents cross-sectional slices at two different distances from the needle tip (20 and 40 µm) using micro-XCT, nano-XCT and SBFSEM systems. Slices from micro and nano-XCT were manually rotated to spatially align them to the SBFSEM images. Comparing the imaging techniques, it is seen that the features are better defined using nano-XCT and SBFSEM, as expected. Images from the micro-XCT are less clear due to the lower resolution such that individual structures cannot be differentiated so that only the overall damage area can be estimated. Slices from the SBFSEM suggest there are two different areas of degradation which are not clearly distinguished by XCT: an outer, brighter area, where individual channels can be recognized, and an inner-darker area, which is a lower density region and highly degraded. This suggests that the structurally fragile area collapsed during the knife-cutting process of SBFSEM. Nevertheless, the general tree shape is similar regardless of the technique used.
One point of concern in any of these imaging techniques is the observation of branches not connected to the main body of the tree. This can be seen in Figure 6 (XCT -Synchrotron). It is not clear why this happens. It could result from a smaller diameter section that is not resolved, or possibly because the tree tubules have a different nature in that section yielding poor contrast areas and therefore an inability to segment the tree.
QUANTITATIVE ANALYSIS 4.2.1 CROSS-SECTIONAL ANALYSIS
A tree can be analyzed by considering cross-sections (slices) of the tree [7] . The number of channels, the total channel area and the proportion of area degraded, are examples of local parameters that can be calculated in every slice, and used for quantitative comparison of the imaging Figure 10 . Cross-section analysis: Number of tree channels in each slice as function of the distance from the tree starting point, Samples 1-3. For Sample 1, only region 2 of SBFSEM data is plotted, as this region corresponds to the XCT data. See Table 2 for the instruments used. techniques. The progression of the number of tree channels in every cross-sectional slice that is orthogonal to the direction of the needle ('z' direction as shown in Figure 4 ) is shown in Figure 10 as a function of the distance from the tree starting point. Sample 4 was excluded from this analysis, since a virtual replica was only created for the micro-XCT scan; for the other techniques image segmentation was difficult either due to uneven contrast or poor signal-to-noise ratio. Furthermore, it is not clear whether the internally degraded region can be considered to consist of discrete channels. Because the SBFSEM procedure failed near to the needle tip for Sample 1 [6] , there is some degree of uncertainty as to where the acquired sections are exactly located with respect to the tree initiation point. For this reason, the graph for Sample 1 in Figure 10 has been adjusted in the horizontal axis to match the XCT curve.
It can be observed, that in all the cases presented here, SBFSEM captures a greater number of tree channels than XCT. This is mainly attributed to the smaller pixel size in each slice (see Table 2 ), but also to a better contrast obtained between the tree channel and the epoxy matrix material, making easier to discriminate or segment tree channels. However, for the bush-type trees (see Samples 1 and 3 in Figure 10 ), the general trend with distance away from the tree initiation point appears to be similar for all techniques, which was not the case for the branch-type tree.
GLOBAL PARAMETERS
Many parameters can be calculated to characterize the entire tree. For example, the diameter of tree channels, volume and surface area of the tree, fractal dimension, number of vertices and segments, segment length, tortuosity and branching angle, among others [7] . The diameter of tree channels and entire volume of the tree are selected for the comparative analysis of the imaging techniques, and are summarized in Table 2 . The mean channel diameter is in good correspondence for all the techniques used, with the values from the SBFSEM data sets being generally smaller than XCT. This is attributed to the fact that SBFSEM captures smaller features, decreasing the mean diameter calculated. This is evident when analyzing the frequency distribution of diameters depicted in Figure 11 for Sample 1. For micro-XCT, the minimum diameter of tree channels captured was around 2 µm, while the SBFSEM data shows that 6% of channels had diameters below 2 µm. However, the overall shape of the histograms for the larger vessels is in good agreement with the modal diameters both being between 4-5 µm.
The tree volume quantifies the total damaged volume captured, and it provides a better discrimination between the techniques since it is a function of both the volume of specimen imaged as well as the resolution of the technique. In most of the cases, the tree volume captured by SBFSEM is larger than the captured by XCT, as expected considering the better resolution of SBFSEM. A similar verdict can be drawn when comparing the tree length of the replica generated (e.g. see Sample 2 in Table 2 ), it is clear that SBFSEM captures more of the electrical tree.
Sample 4 was optically seen to be a small and dense bushtype tree of around 105 µm length, observations which closely correspond to the 108 and 114 µm captured using micro-XCT and SBFSEM, respectively. The 2D projected optical image gives a sense that the shape of the tree is spherical. Assuming that the sphere is completely degraded, it would result in a volume of 6×10 5 µm 3 ; however, the virtual replica generated using micro-XCT computed a volume of only 6.7×10 4 µm 3 , or around 10% of the apparent space. This indicates the limitation of optically analyzing electrical trees in 2D perspective.
SAMPLE PREPARATION AND SCAN PROCESS
As a non-destructive technique, sample preparation for XCT is much easier than SBFSEM. The sample size required for micro-XCT (2-3 mm) allows multi-stage experiments to be carried out for analyzing tree growth; however, the size required for nano-XCT (under one millimeter) renders it a semi-destructive technique, or at least, it does not allow further electrical stressing without re-embedding the sample in epoxy resin. In both micro and nano-XCT cases the needle serves as a holder and as a reference to locate the tree in the radiographs. It is worth noting the importance of machining the sample as small as possible, to increase the signal-to-noise ratio of the reconstructed images. This is especially important when imaging small features that can be hidden in the background noise of the image. For example, the inability to create a useful virtual replica using nano-XCT for Sample 2 was due to the sample being too large.
For SBFSEM, a block-face area of less than one mm edge without the needle is normally required. The extraction of the needle is carefully performed, but it might cause microfractures around the needle area, yielding uncertainty of the features obtained surrounding the tip. In general, the complexity is greater and the risk of technical problems higher. One of the three cases presented here, where SBFSEM was used, the scan had to be interrupted and sections of the tree lost due to slices been drawn into the final aperture of the instrument or onto the block-face to be imaged. Also, since SBFSEM is destructive, samples can be ruined if the set-up is not the correct at first time. This technique is not compatible with multi-stage experiments.
Another parameter useful for comparison of practical application of the techniques is the scan time. However, the imaging techniques are inherently different in their nature: in XCT, the entire tomography scan is required to reconstruct the slices of the volume imaged, regardless the amount of volume that the feature occupies in the field of view. This can lead to considerable amount of data (slices without useful information) being discarded later. In contrast, in SBFSEM the imaging results are seen immediately, and thus, only the volume of interest is imaged. In the case of laboratory-based XCT, because different devices were used, a considerable range of scan times was required. Also, scan time greatly depends on sample size (especially for region-of-interest XCT scans) as well as desired resolution and noise level. Thus, it is difficult to carry out clear comparison of scan times. Nevertheless, typical values of scan times can be compared for the practical application of imaging electrical trees.
Imaging the same volume of a mature electrical tree (~1 mm length and width), laboratory-based micro-XCT currently requires around 20 h which is slightly more than with SBFSEM, but with lower resolution. However, individual set-up times are longer using SBFSEM. The fastest technique is synchrotron-based micro-XCT. For the results shown here, micro-XCT at Diamond beamline I13 was around 5 times faster than laboratory micro-XCT. Later, with more experience and improvements in the beamline, scans at this synchrotron, not presented here, were less than 2 h, making it 12-15 times faster than laboratory-based XCT for a comparable pixel size.
SUMMARY
Two techniques for the 3D imaging of electrical trees, namely, X-ray Computed Tomography (XCT) and Serial Block-Face Scanning Electron Microscopy (SBFSEM) have been extensively trialed. Using these techniques, virtual replicas (3D models) of a variety of electrical trees have been generated and the tree structure analyzed.
SBFSEM is a more direct imaging technique than XCT because every slice is the result of direct SEM imaging. Another consequence of the inherent differences of the imaging techniques is that for XCT the voxel dimensions are symmetric and determined by the pixel size selected during the scan. However, for SBFSEM the voxel dimensions can be asymmetric since the lateral xy pixel size is set by the selected SEM magnification and the vertical z pixel size is determined by the chosen slice thickness. This allows the selection of a finer lateral resolution in cross-sections of the tree where required. Another key distinction is that in XCT, selecting a finer pixel size results in a smaller field of view, while in SBFSEM the field of view (or area to be scanned) is independent of the pixel size selected. Thus, in SBFSEM, relatively large volumes can be captured with high resolution, while in XCT higher resolutions are achievable only by limiting the volume captured (and the sample size too) [24] .
Overall, SBFSEM provides greater detail than XCT as expected. This is evident not only when comparing the visual aspect of the original cross-sectional images or the virtual replicas generated, but also quantitatively comparing parameters such as number of tree channels and tree volume captured. This greater detail is mainly attributed to the finer resolution of the technique. Currently for the case of polymeric materials, the lateral resolution is around 20 nm, and the minimum slice thickness (vertical resolution) is practically around 20-30 nm (though technically the SBFSEM machine can slice as thin as 5 nm). In this application of imaging electrical trees, the smallest feature that was possible to resolve was around 0.2-0.3 µm. A smaller pixel size would yield more detailed data in each image, however, when are handled in a stack of thousands, the computational process becomes more difficult and time consuming. Consequently, SBFSEM is recommended for detailed imaging of sections of the tree, for example, tree tips or early tree growth. SBFSEM is not the most suitable technique for imaging an entire mature electrical tree, due to its destructive nature and the possibility of slices been drawn into the final aperture of the instrument or onto the block-face to be imaged. Also, SBFSEM is not appropriate for imaging a highly degraded region, as the matrix becomes structurally weak and vulnerable to slicing damage. Using the instrumentation deployed here, the block face to be imaged could be no bigger than around 800 µm, due to the limited cutting window of the knife. In the case of XCT, currently the finest voxel size is around 0.3 µm for micro-XCT (with a field of view of around 0.5 mm by 0.5 mm) and around 16 nm for nano-XCT, but with a field of view of only around 15 µm by 15 µm. However, in practice, the final spatial resolution for XCT can be limited by the source spot size and modulation transfer function of the detector, as well as the noise in the data. As such, the resolution may be a few times greater than the voxel size. Consequently, micro-XCT allows imaging the structure of a relatively medium to mature electrical tree (hundreds of micrometers), but does not satisfactorily resolve features smaller than ~0.7 µm. Using nano-XCT, features of the order of hundreds of nanometers can be resolved and accurately characterized. This makes nano-XCT suitable for early tree growth studies, but not for more mature trees. In summary, for imaging a medium to large size electrical tree, the recommended technique is micro-XCT which allows larger volumes (~ 1 mm 3 ) to be 3D imaged with a reasonable voxel size of ~ 0.3 µm, but this does compromise the capture of fine details smaller than ~ 0.5 µm. Typical scan times are around 20 h for laboratory-based XCT, 2 h for synchrotron-based XCT and 10-20 h for SBFSEM, depending on the volume to be imaged.
CONCLUSION
Optical methods are appropriate for monitoring tree growth by providing a fast, real-time efficient overall view of the treeing structure. However, optical imaging is limited to translucent materials and only provides 2D projected images of the tree, with a resolution around tens of microns. XCT and SBFSEM can provide the full 3D structure of a tree, which is a radical improvement over a 2D optical projection. An important benefit of using these 3D imaging techniques is the ability to internally explore complex dense structures such as bush-type electrical trees. Another benefit is the possibilities of analysis and quantification that the 3D data brings.
Using micro-XCT, fine details of the tree (tree tips and small sub-branches) are lost, but an entire mature tree (~ 1 mm length) can be captured and the technique's nondestructive nature allows multi-stage experiments to be conducted and thus facilitating the analysis of tree growth. SBFSEM provides the highest resolution of the techniques analyzed here; however the destructive nature of the procedure makes the process less reliable than XCT. Care must also be taken with SBFSEM that the associated microtome technique does not alter the tree features.
Virtual replicas generated using both XCT and SBFSEM are consistent with each other and to optical images. The greater level of detail rendered by SBFSEM is not only noticed by visual inspection of the 3D models, but also comparing quantitative parameters. On average, SBFSEM captures almost double the number of tree channels per slice than XCT, while virtual replicas in most of the cases have larger volumes, which indicate that more of the electrical tree is captured.
It is proposed that for full analysis a combination of imaging techniques is the appropriate methodology. Optical methods are used first to monitor tree growth and have an initial idea of size and structure of the tree. Then, the micro-XCT technique, which provides pixel size ~0.4 µm with a field of view of around 1 mm × 1 mm, can be used to reveal the entire 3D structure of a normal/mature electrical tree. As XCT is non-destructive, scan parameters can be tuned to optimize the imaging results. Moreover, the same sample can be analyzed at different stages of tree growth. Nano-XCT can be used to explore in more detail regions of interest highlighted by the micro-XCT data, with a pixel size ~65 nm, but a limited field of view of 65 µm. Finally, sections of the tree can be analyzed in even more detail using SBFSEM (again under guidance from micro-XCT data), which can provide resolutions below 50 nm. Finally, it would be possible to analyze an interesting block-face with even higher resolution, by gold-coating its surface and using conventional SEM. In most instances a subset of these techniques will be appropriate and necessary to control costs and efficiency.
